The effect of increasing concentrations of dimethylsulphoxide (DMSO) on the stability of native and reconstituted tobacco mosaic virus (TMV) has been investigated by means of electron microscopy and infectivity assay. The removal of protein subunits from TMV by DMSO was found to be a stepwise process. Subunits are first removed from the 3' OH end of the rod but at about 7 2 ~o DMSO the site at which uncoating occurs shifts to the 5' end. Studies with reconstituted and partially reconstituted TMV confirm the stepwise nature of the uncoating process. Complete uncoating of reconstituted TMV was found to occur at smaller DMSO concentrations than that of native TMV.
INTRODUCTION
The action of increasing concentrations of dimethylsulphoxide (DMSO) on two strains of tobacco mosaic virus (TMV) has been compared (Nicolaieff, Lebeurier & Hirth, I974) . The G-TAMV strain was uncoated over a lower range of DMSO concentration than the common strain. Moreover, at intermediate concentrations of DMSO there was an accumulation of G-TAMV rods of 220 and 250 nm lengths. The preferential formation of particles of such characteristic intermediate lengths demonstrates that RNA-protein interactions along the rod are not of uniform strength. There must, rather, be several places upon the RNA chain at which the base sequence is particularly favourable to strong interactions with the protein, making the rod at these points unusually resistant to further uncoating by DMSO.
In this report, we present more detailed data concerning the uncoating of the common strain of TMV with DMSO. Our results suggest that DMSO removed protein from the rod in a more specific manner than other reagents, such as sodium dodecyl sulphate (SDS). TMV rods are uncoated by DMSO from the 3' end until a region of unusually strong RNAprotein interactions, located about Ioo nm from the 3' end, is reached; uncoating proceeds thereafter from the 5' end. Several regions of relatively high RNA-protein affinity have been localized along the TMV rod. The final stable structure formed in the uncoating process is a IO nm length of rod which, presumably, contains the sequence of RNA with the greatest affinity for TMV protein.
Finally, we present data suggesting that reconstituted TMV has a different stability than native TMV towards DMSO.
Preparation of virus. TMV (common strain) was prepared as described by Nicolaieff, Lebeurier & Hirth (1974) .
Treatment of TMV with DMSO, Two methods were used: (I) The TMV suspension (zoo ~g/ml) containing the appropriate amount of DMSO was mixed with an equal vol. of cytochrome c in 90 ~ DMSO to give the desired final concentration of DMSO in o'oi Mphosphate buffer, pH 7. The solution was incubated at z4 °C for 30 min before use. This temperature and time of incubation gave the most reproducible results (unpublished observations). (2) o-I ml of a TMV suspension (2 mg/ml in phosphate buffer, o-oi M and pH 7) was diluted tenfold with a solution of DMSO whose concentration was such as to yield the desired final concentration of DMSO. After incubation for 30 rain at 24 °C, the solutions were diluted with an equal vol. of water to stop the reaction.
The samples for polarity experiments needed a much larger quantity of TMV (25 rag). Io ml of a TMV suspension (2. 5 mg/ml in phosphate buffer o-o I M, pH 7) was added to I 15 ml of water-DMSO solution to give a final concentration of DMSO of 65 or 7z ~. To avoid an uncontrolled increase of temperature (heat is generated when water and DMSO are mixed), the solutions were cooled below 15 °C before mixing. After incubation and dilution in an equal vol. of water as described above, the final solutions were centrifuged 2 h at 5o ooo rev/min with a Spinco 60 rotor. The pellets were resuspended in 20 ml of phosphate buffer (o.oi M, pH 7) and centrifuged at 40o0o rev/min for 2 h in a 40 rotor to eliminate the rest of the DMSO. They were then resuspended in 5 ml of the same phosphate buffer. After RNase treatment (Lebeurier & Hirth, I973) , the suspensions were centrifuged at 4oooo rev/min for 2 h and the pellets were resuspended in 5 ml of the phosphate buffer containing bentonite (o. I #g/#g RNA). As a control the same procedure was followed with a TMV sample from which DMSO was omitted.
All DMSO concentrations are expressed by volume.
Reconstitution of virus particles.
Reconstitution experiments were performed with RNA extracted by the phenol method and protein extracted by the acetic acid method of FraenkelConrat (I957) in pyrophosphate buffer, pH 7"25, ionic strength 0"5. The protein to RNA ratio was 2o:I and the reaction was allowed to take place for 2 h at room temperature. The reconstituted material (rTMV) was purified according to Stussi, Lebeurier & Hirth (1969) .
For the reconstitution of incomplete TMV particles, a protein/RNA ratio of 8 and a shorter time of reaction (Io min) were used. The partially reconstituted TMV(prTMV) was separated from complete rods by hydroxylapatite column chromatography (Guilley et al. I972 ) and the RNA tails were then eliminated by treatment with RNase as described by Lebeurier & Hirth (I973) . The prTMV was freed of RNase by sedimentation and the RNA was re-extracted in the presence of bentonite. This RNA was used in a second reconstitution.
Infectivity tests. For each infectivity test the virus samples were inoculated using the technique described by Nicolaieff et al. (I974) .
Electron microscopy. The spreading of the TMV suspensions by the Kleinschmidt & Zhan (I959) technique gives a quantitative recovery of the particles spread. Three different conditions of spreading were used: (a) After DMSO treatment, the diluted TMV suspensions were spread on a o.I M-NaC1 hypophase using the same experimental procedure as for DNA (Nicolaieff, I969) . The TMV protein removed from the rods was sufficient to form a denatured protein film and the TMV particles were adsorbed on to it in a well dispersed manner. (b) The TMV preparations which contained cytochrome c and DMSO were spread on a distilled water hypophase without prior dilution. This permitted the RNA protruding from the partially stripped TMV rods to be visualized (see Results). (c) The rTMV, prTMV and standard TMV samples which contained no DMSO were diluted to mo/~g/ml in phosphate buffer o.o~ M, pH 7. o'4 ml of the solution was added to 5o/~1 of a water-cytochrome c solution (5 mg/ml) and spread on a o-~ M-NaC1 hypophase. The spreading on a o-t M-NaC1 hypophase permitted a better dispersion of the TMV particles than on distilled water.
Portions of the film were picked up on Siemens platinum grids covered with a formvarcarbon film and rotary shadowed with platinum. Pictures were taken at random at a nominal magnification of xo ooo and length measurements of about 5oo particles were made directly on the negative using a 7 x measuring magnifier with a o.I mm graduation. We estimate that the magnifier glass allows us to measure the length of a complete particle to within 4 ~.
RESULTS

Effect of increasing DMSO concentration on TMV
The sample with no DMSO has a peak corresponding to complete particles with a mean length of 300 nm ( Table I ). From 64 to 72 ~ DMSO concentration range there is a change in the DMSO-TMV interactions, and at 74 ~ DMSO we observed fragments of all lengths up to a maximum in the 200 nm range (Fig. I i) . 76 DMSO (Fig. r j) further uncoats the TMV rods to a mean length of 94 nm (Table I ). The last steps in uncoating TMV with DMSO involve the appearance of very short particles and rings (Fig. 2 a) . These rings are undoubtedly rods so short in length as to stand on end and presumably represent the last step before complete uncoating. 78 ~ DMSO results in complete removal of the protein from the RNA. The different steps in uncoating of TMV with DMSO are not only sensitive to concentration of the reagent but also to temperature, to concentration of TMV and, possibly, to the presence of small amounts of divalent ions, polyamines or proteins (Diener & Desjardins, I966; Symington & Commoner, ~967; Brakke & van Pelt, 1969) . These parameters may introduce a shift in the degree of uncoating for a given concentration of DMSO from experiment to experiment, but it must be emphasized that the sequence of steps in the uncoating process is always the same. The samples represented in Fig. I were prepared under the same conditions, using the same TMV dilution and the same pipettes for the preparation of the different DMSO concentrations.
Electron microscopic observations
We did not observe partially uncoated particles with gaps along the rod. Uncoating, therefore, must proceed from one or both ends of the particle. In some cases we observed free RNA protruding from the TMV rods. Usually, when the degree of uncoating was small, only one tail was observed (Fig. 2b ) but, with short particles, two tails are often observed (Fig. 2 c) . It was not possible to perform quantitative studies of the length of the RNA tails due to the breaks between free and coated RNA in TMV and to the tangling of free RNA tails. The electron micrographs (Fig. 2 c) suggest that the two RNA tails differ in length and it is therefore possible that uncoating does not proceed uniformly from both ends.
Polarity of uncoating due to DMSO
We have taken advantage of the work on polar reconstitution of TMV done in our laboratory (Thouvenel et al. I97I ) to determine which end of the rod is first uncoated by Polarity of uncoating of TMV 299 DMSO. TMV was treated with 65 ~ DMSO; after treatment with RNase the RNA was extracted and used in reconstitution. The yield of reconstituted material was 60 ~ for RNA from standard TMV and 68 ~ for RNA from DMSO treated TMV. The length distributions of the TMV samples before and after reconstitution are represented in Fig. 3 (a) and (b) for the control, and (c) and (d) for the treated sample. There is only one peak corresponding to the particles in the 300 nm range for untreated and treated samples before and after the reconstitution process. But the DMSO treated particles, before and after reconstitution, are, on a weight basis, 4 to IO times less infective than control particles respectively (Table 2 ). This suggests that some nucleotide residues have in fact been removed from the RNA although a significant decrease in length of the TMV particles cannot be detected. Because the RNA obtained from the DMSO treated particles reconstitutes normally, we conclude that the initiation site (the 5' end) was protected from the RNase and that uncoating starts at the 3' end of the rod.
We have further studied the uncoating when the DMSO concentration is increased. The TMV sample was treated with 72 ~o DMSO, and, following the procedure described above, the yield of reconstituted TMV was compared to the standard sample. The difference is large; there is only I2 ~ reconstitution with RNA from the DMSO-treated sample compared to 62 ~ for the control. This suggests that 7z ~ DMSO is sufficient to permit uncoating of the TMV particles from the 5' end as well, as was indicated in the electron micrographs (Fig. 2 c) . The histograms of the TMV preparation treated with 72 ~ DMSO and RNase (Fig. 3 e) indicate an accumulation of 150 nm TMV particles. Moreover, there are relatively few particles over 20o nm. The ratio of the percentage of particles contained in the 150 nm peak (I in Fig. 3e ) to longer particles (2 in Fig. 3e ) is 7"3. After reconstitution, using the RNA prepared from the sample characterized in Fig. 3 e, most of the 15o nm particles have disappeared and the ratio (0 to (2) in Fig. 3fis 0"7. These observations suggest that RNA from the longer particles, i.e. those found in region (2) before reconstitution (Fig. 3 e) , reconstitutes to a greater extent than does the RNA from shorter ones, that is, those in region (I) of Fig. 3 e. Therefore, we conclude that when stripping of TMV from the 3' end has proceeded for about IOO nm, stripping at the 5' end begins.
Effect of DMSO on reconstituted TMV particles
Infectivity tests made in our laboratory (G. Lebeurier, unpublished data) have suggested that rTMV generally has a lower specific infectivity than does native TMV. It was of interest to determine if rTMV has the same stability towards DMSO as native particles. The rTMV was usually used one or more days after purification. 58 ~ DMSO is sufficient to uncoat I6 nm of these particles until a region is reached where RNA-protein affinity is particularly strong (Fig. 4b) compared to 64 ~ for native TMV (Fig. i d) . This suggests that protein-RNA and/or protein-protein interactions at the 3' end are more labile than in native virus and they confirm the singular stability of the 284 nm particles. The existence of another stable region can be discerned in rTMV by treatment with 6a to 68 ~ DMSO (Fig. 4 c) ; to obtain the same degree of uncoating of native particles, 72 ~ DMSO is required (compare Fig. Ih and 4c ). The results with rTMV thus confirm the existence of stable intermediate with lengths of 21o and 25o nm. rTMV is completely uncoated with 74 ~ DMSO whereas native TMV requires 78 ~.
Effect of DMSO on partially reconstituted TMV particles
We have studied the action of DMSO on partially reconstituted TMV (prTM¥). The idea was to determine if there is some differentiation in strength of RNA-protein interactions in the middle of the TMV rod that was not observed because such a high concentration of DMSO is needed to overcome the stability of the strong points in the intact virus which are located at the 5' end and ioo nm from the 3' end. Only a small percentage of rods in the starting preparation of prTMV have a length of more than 2oo nm and most of the particles are in a peak with a mode of 47 nm (Fig. 4d) . 58 ~ DMSO (Fig. 4e) displaces the mode to 37 nm and the prTMV particles of that length are stable up to 72 ~ DMSO (Fig. 4 h) . Only a very small percentage of very short particles (rings) were present in the initial sample (Fig. 4d) . Such rings must contain RNA since the low ionic strength of the Na phosphate buffer does not permit the existence of double-disks composed of protein alone (Lonehampt, Lebeurier & Hirth, I972) . The percentage of such particles increased with increasing concentration of DMSO (Fig. 4 e, fand g ) apparently by some additional uncoating of particles of length less than 37 nm. This uncoating is thought to occur from the 3' end because in DMSO concentrations of less than 68 ~ the 5' OH end of the RNA is not exposed. The ring-like particles represented in the histogram 4e, f and g probably contain only the 5' terminal region of the TMV RNA. With 72 ~o DMSO the rings begin to disappear (Fig. 4h) ; thus, other than the 37 nm particles and the disks derived from the vicinity of the 5' end, no particular length of unusual stability appears to exist in the middle of the prTMV. As was the ease for rTMV, 74 ~ DMSO uncoats to TMV completely. ,111,,,,,,.,,,,......,,,, . ... At about 72 ~ DMSO the 5' end begins to be uncoated. Our experimental data do not permit an uniquivocal interpretation of the last steps in stripping of TMV to free RNA. In our opinion, there is a 'stop" located in a region 37 nm from the 5' end as suggested by Fig. 4 e and g; the presence of such a region would explain the occurrence of stable particles with a characteristic length of 150 nm (see Fig. 3 e) . The next step in uncoating involves the formation of rods with an average length of 90 nm, suggesting that two regions of strong RNA-protein interactions are present within the 15o nm fragment or that one end of the I5O nm fragment is particularly strong. In the last stage of uncoating, very short rods (rings) are formed in large quantities. 78 % DMSO completely disaggregates the rods. Fig. 5 . summarizes our interpretation of the different stages of TMV uncoating by DMSO. It is of interest to compare DMSO and SDS as to the specificity of uncoating of TMV, because SDS has been widely used in studies of the stability of the TMV particles (May & Knight, 1965; Symington & Commoner, I967; Symington, I969a, b) . The stripping of TMV by SDS also begins at the 3' end (May & Knight, 1965) . This suggests that the 3' end is less stable than the 5' end regardless of the reagent used. It is perhaps significant that the removal of subunits by such reagents is in the opposite direction to that of reconstitution, which is known to start at the 5' end of the RNA chain.
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Uncoating of TMV with SDS, however, gives heterogeneous samples and only an average length was reported for partially stripped particles by May & Knight (I965) . On the contrary, it is possible to eliminate just a few nucleotides from the 3' end of the TMV particles by RNase treatment after exposure to the appropriate concentration of DMSO. This controlled stripping by DMSO is further suggested when compared to the stripping by SDS. As a first step in uncoating, Symington & Commoner (1967) observed an accumulation of TMV particles in the 200 nm range. These particles produced by SDS may correspond to the fragment of TMV we obtained when 8o to I2O nm were stripped with DMSO from the 3' end of TMV. But it appears that the conditions used for SDS are too drastic and do not show the regions of strong RNA-protein interactions we observe I5 and 50 nm away from the 3' end.
Another difference between SDS and DMSO uncoating lies in the exposure of RNA at both ends of TMV. Table I in Symington (I969b) indicates a continuous increase in the prevalence of two-tailed particles when TMV is uncoated with SDS, but the reconstitution experiments described above using RNA extracted from a TMV sample treated with 72 % DMSO indicate that most of the 15o nm TMV particles have lost their 5' end ( Fig. 3 e and f ) and longer particles, over 2oo nm have kept their 5' end. Thus DMSO is a more discriminating agent than SDS. Further experiments are in progress to obtain a more detailed picture of the last steps of uncoating of TMV with DMSO.
The difference in behaviour of the rTMV and prTMV versus native particles is surprising, because both contain the same RNA and protein. It is possible that the protein isolated according to Fraenkel-Conrat (1957) does not have a configuration identical to that of the virus protein in the plant cell. Such a variation in configuration might explain the difference in stability between native and reconstituted TMV. However, the same characteristic stable intermediates are found in native and reconstituted TMV. This suggests that the contribution of RNA-protein interactions to the stability of the rod has not been greatly modified.
The high stability of the 5' end of the rod compared to the 3' end confirms other reports suggesting that the 5' end of the RNA chain has a particular sequence which serves as the site of initiation for in vitro reconstitution (Butler & Klug, I971; Ohno, Nozu & Okada, I97I ; Thouvenel et al. 197I) . The considerable affinity of this sequence for the protein can act as a 'lock' securing the 5' end. The presence of another region inside the TMV rod, contained in the 15o nm fragment, of even stronger protein-RNA affinity is surprising. By treatment with higher concentrations of DMSO, this stable region can be reduced to a small piece of TMV (a ring) about Io nm long containing an RNA fragment of about 2oo nucleotides. Further experiments are in progress to isolate and analyse the RNA sequence contained in this short fragment. This work was supported by the Universit6 Louis Pasteur and by the Centre National de la Recherche Scientifique, France. Sincere thanks are due to Dr K. E. Richards for his helpful discussion and we are grateful to him for manuscript correction.
